[1] Small-scale suspended sediment dynamics involve transport modes where grouping of suspended particulate matter (SPM) forms distinct patterns in the water. Field data on suspended matter dynamics at a particular location of a tidal channel show the frequent occurrence of turbidity clouds. These appear at spatial scales of tens of meters and temporal orders of minutes. In situ grain-size analysis reveals that the turbidity clouds are mainly composed of aggregates around 0.35 mm in size. Although the SPM signal reveals similar oscillations as the transporting current, no direct correlation was observed between the occurrence of clouds and local hydrodynamic characteristics. To test how the formation of turbidity clouds can be related to the hydrodynamic environment and particle motion, we developed a numerical model for the simulation of particle grouping. The simulations show stable and weakly stable modes of particle clustering, depending on the environmental conditions. A prominent dependence of group stability on the amplitude of current velocity oscillations is revealed. As the local dynamics can be considered to be near the derived threshold of stable and weakly stable grouping, the temporal occurrence of turbidity clouds is explained by the temporal exceedance of a critical oscillation amplitude and the availability of suspended matter as the main limiting factors.
Introduction
[2] In coastal seas, estuaries, and tidal channels, the transport of suspended particulate matter (SPM) is a highly unsteady process, the amount and characteristics of change depending on various forcing agents at different time and length scales: Large-scale annual cycles can be observed which are mainly driven by biological productivity related to water temperature, water quality, and light, whereas mesoscale oscillations are associated with tidal cycles and largely depend on the mobilization and transport of SPM by tidal currents. Small-scale dynamics, in turn, involve transport patterns of SPM in the form of coherent structures such as turbidity clouds in the water. Finally, microscale SPM dynamics involve the flocculation and breakup of aggregates under the influence of turbulence.
[3] SPM dynamics has been observed and analyzed in many different marine environments (among others, Dyer [1986] and McAnally and Metha [2001] ). Studies on estuaries and tidal channels show that the highly dynamic processes are mainly dependent on tidal currents [e.g., Postma, 1967; Dronkers and Scheffers, 1998 ]. Typical processes have been described and also formulated in empirical or process-based models [Burt et al., 1997] . Because of technical restrictions, for example, in sampling frequency, these studies mainly consider large-scale and mesoscale dynamics and neglect small-scale fluctuations of SPM. However, field observations in tidal environments show that SPM transport often occurs in distinct patterns which move with the current. These features can be observed as turbidity clouds that appear at length scales of tens of meters and periods of minutes. Although apparently ubiquitous, the formation and dynamics of these suspension clouds is not well understood, although a dependence on hydrodynamic processes is obvious. A possible source of pronounced turbidity events is the local resuspension of material, for example, at coherent structures like dune crests [Cellino and Lemmin, 2004] . However, periodicity in the occurrence of turbidity clouds cannot be explained by local sporadic ejection phases, particularly if no bed forms are present upstream the observation point. Turbidity or suspended sediment clouds are an important feature in coastal environments [Goossens and Zwolsman, 1996] , but, apart from intrawave processes [Black and Vincent, 2001] , any detailed investigations have, to the best knowledge of the authors, not been undertaken so far.
[4] Here we present a coherent data set on SPM dynamics using highly resolving acoustic and optical instruments for the description of SPM characteristics in a tidal channel of Jade Bay located along the southern North Sea coast of Germany. We focus on the analysis of observed turbidity fluctuations at timescales of minutes. The origin of these events cannot be related to coherent structures on the bed. Thus a dynamic particle clustering model has been adapted to the local conditions in order to describe the grouping behavior of particles. It is tested whether inertia mechanisms in the oscillating current may lead to the formation of turbidity clouds by particle grouping.
Study Site
[5] This study is based on data collected at a measuring station in the inner Jade at the mouth of Jade Bay near Wilhelmshaven, Germany (Figure 1 ). The study area is characterized by semidiurnal upper mesotidal to lower macrotidal conditions with a tidal range of 3.8 m during spring and 2.6 m during neap tides. Although the Jade tidal channels do feature bed forms like ripples and dunes at several locations, coherent structures in the study area are not reported [Dörjes, 1969; Ulrich, 1973] . The data were gathered from a small survey boat during a short field campaign on 20 September 2005. A position off a training wall along the margin of the main navigation channel downstream of a groin field was chosen. To minimize ship motion, the boat was fixed with two anchors at bow and stern, respectively. Wind conditions were very calm (Bft 0), and almost no surface waves were present. The measurements started at high water slack tide and continued throughout the falling tide in order to capture the ebb current dynamics.
Materials and Methods
[6] To measure the characteristics and dynamics of SPM in the field, various methods can be employed. Of these, repeated direct mechanical sampling of SPM and subsequent grain size or weight analysis is a rather laborious process, the data series being far from continuous. Another limitation is the restriction to a single position at a time which does not allow any significance checks of the measured signal. By contrast, indirect optical and acoustic methods allow high sampling frequencies, the latter including the whole water column. Commonly experienced disadvantages of acoustic and optical methods such as sensitivity to biological fouling and the need for calibration with direct samples do not apply in our case because the measuring period was relatively short and absolute numbers on sediment concentration were not required. We combined data from a laser in situ scattering and transmissometer (LISST) and an acoustic Doppler current profiler (ADCP) for this study.
Measurements
[7] A Sequoia LISST-100 type C instrument was deployed from the anchored boat at a fixed depth of 1.5 m. The device measures the size distribution of SPM in the range of 2.5-500 mm. The measuring principle is based on laser diffraction. Small-angle forward scattering of light is dominated by particle diffraction. The light scattering is detected on 32 ring detectors, the widths of which determine the size ranges of the scatterers [Agrawal and Pottsmith, 2000] . Thus light scattered at angles larger or smaller than the angles covered by the ring detectors is not detected. However, particles smaller than 2.5 mm or larger than 500 mm can still scatter light onto the ring detectors, as each particle creates its own diffraction pattern. Therefore if smaller or larger particles are present, excess scatter will occur on the first and last rings. Upon inversion of the diffraction pattern, this results in an overestimate of particle volume in the smallest and/or largest size bins [Agrawal and Pottsmith, 2000] typically seen as a rising tail in the size spectrum [Mikkelsen, 2002] . The SPM volume concentration is calculated by adding up the volumetric concentrations of all size classes. In addition, the percent optical transmission of the laser beam is recorded as an indicator of water turbidity. In our case, the instrument was set to output-averaged values of three samples at 0.1 Hz.
[8] Today ADCP are widely used for water velocity measurements at short intervals through the water column. By using the Doppler effect, the ADCP derives horizontal and vertical current velocities as a function of depth. This acoustic method is based on the proportionality between the frequency shift of outgoing and reflected pulses and the celerity of the ensonified scatterers. For this study, a direct reading 1200-kHz RDI Rio Grande Workhorse ADCP was mounted downward looking along the side of the anchored boat. The vertical resolution was set to 0.25 m units (bins), with an average sampling frequency of 0.5 Hz.
[9] The current velocities measured at the same level as the position of the LISST sensor were extracted from the ADCP time series. In this respect, it has to be taken into consideration that the small-scale oscillations with frequencies of 0.5 Hz do not represent absolute signals but are aliased artifacts of microturbulence because of the comparatively low sampling rate and the relatively large footprint of the four ADCP beams transmitted at an angle of 20°from the vertical. To avoid these effects, a 10-point running average (20 s) was applied to the data in order to focus on large-scale turbulent structures described by the instantaneous velocity u. It will be shown that u oscillates with amplitudes U b and frequency f = w/2p around a mean velocity U a , the term w being the angular velocity. To derive mean quantities, which can be considered free of turbulence, the velocity data have been averaged over the time Figure 1 . Location of the study area in the Jade, southern North Sea, Germany. Field observations were carried out from an anchored boat at the marked position.
T = 20H/U inf with H as water depth and U inf the far-field velocity [Gyr and Kinzelbach, 2004] . U inf is estimated by a running average over 300 consecutive measurements (approximately 10 min). Thus taking into account an average water depth of about 8 m and average velocities of about 0.8 m/s, a 100-point running average (approximately 200 s) was applied to calculate the mean velocity U a . For further analysis, the wave number k is also required. As it was not possible to measure wavelengths directly, k was calculated from U w = w/k, where U w is the phase velocity.
Numerical Model
[10] For a theoretical investigation of the problem, we applied a mathematical model which was introduced by Katoshevski et al. [2005] and Katoshevski [2006] to investigate particle dynamics in aerosol sprays and oscillating gas flows. In these studies, it was shown that aerosol particles transported by an oscillating current accommodate to the flow fluctuations in that they eventually group and together reach a stable position in a frame of reference moving at the phase velocity. This behavior is mainly governed by parameters such as the particle size and the oscillation frequency of the flow. A similar model is employed here, but taking into account the structural differences between systems, in this case, mainly particle size and frequency magnitudes.
[11] The basic model is constructed for particle motion in a one-dimensional periodic fluid flow, which is considered to have the following mathematical form:
where u(t, x) is the fluid velocity at time t at location x. Without loss of generality, one can assume that U a , U b > 0.
The flow oscillation has a wavelength of L = 2p/k in space and a period T = 2p/w in time. The wave propagates along the x axis with the wave velocity U w = w/k.
[12] After having normalized the velocities by U w , the location by k À1 , and the time by w
À1
, respectively, the following normalized form of equation (1) is achieved:
with the normalized velocities u, location x, and time t.
[13] We now turn to the equation of motion for the particle. The normalized particle velocity is denoted by u p . Hence the normalized equation of motion for a particle in motion within a host flow becomes:
where St = 1 18
is the Stokes number, and r p is the density of the particle material. D p is the particle diameter, and m is the dynamic viscosity of the water.
[14] It is important to note that, although this equation only accounts for the drag force, it was found to be applicable in the case of aerosol dynamics in a similar flow field [Katoshevski et al., 2005; Katoshevski, 2006] and was compared to spray experiments [Katoshevski et al., 2007] . The buoyancy effect can be ignored as we deal with a horizontal motion perpendicular to the action of gravity. As the particle-to-fluid-density ratio is of the order of 1, an additional term which may come into play is the Basset term, also called the ''history term.'' However, a detailed study on sand-water mixtures by Vojir and Michaelides [1994] has revealed that at low oscillation frequencies (which applies here), the effect of that term is practically zero. Despite its simplicity, equation (3) is adequate for the limiting case of very small particles in which the small St value would cause any deviation between u and u p to immediately accelerate u p toward u.
[15] After substituting the explicit normalized form of the flow velocity u( t, x) from equation (2) and introducing a new nondimensional function q = x À t, the particle equation of motion becomes:
Replacing the normalized time t by t = c t, where c = ffiffiffiffiffiffiffiffiffiffiffiffi
where a prime denotes the derivative with respect to t. In the above, the parameters a and b are defined as
and
Katoshevski et al. [2005] and Katoshevski [2006] explored the grouping behavior in terms of a and b. It was shown that there are different major modes of particle grouping behavior which can be described in the a-b plane and in terms of trajectories in time and space, as shown qualitatively in Figure 2 . The first mode of behavior, ''mode I,'' is characterized by the formation of a particle group and a subsequently stable conjoint motion. This mode is denoted here as stable grouping. ''mode II'' stands for weak grouping, in which temporarily joined particles shift from one group to the other or groups break up. A theoretical ''mode III'' would define a clear nongrouping situation where particles do not join at all. As a and b are associated with system conditions such as the host-flow velocity, the frequency of the oscillations, as well as the particle size, the system state can be classified into one of these modes. Furthermore, the change of system variables is reflected by the transition from one mode to the other. Mode I situations may occur only when jbj < 1 and a > jbj. Thus if jbj > 1, the grouping will be according to modes II or III. The clear nongrouping case may be defined by:
in which values of NG ) 1 stand for the nongrouping mode III.
[16] It should be noted that equation (3) 
Results and Discussion
[17] Data analysis focused on an 85-min period of the time series, starting 1.4 h after high water slack tide. Laser transmissivity obtained by the LISST-100 1.5 m below the surface and current velocities measured by ADCP at the same depth are shown in Figure 3 . During this period (minutes 980 -1065), the ebb tidal current had almost reached its maximum velocity, but was still slowly rising from about 0.65 to 0.8 m/s. The tidal signal in the SPM dynamics is reflected in the decreasing optical transmissivity. With a 1.5-h lag to the rising ebb current, the transmissivity falls from an initial value of around 52%, which is due to the background concentration of SPM to oscillate around 42% to 46%. At times of lower transmissivity, distinct minima in the signal indicate the occurrence of turbidity clouds at approximately 2-min intervals. The turbidity oscillations are caused by changes in SPM concentration as the transported material clouds the water. However, a direct correlation between optical transmissivity and the volumetric SPM concentration over the entire measurements period exhibits considerable scatter (Figure 4) , indicating the influence of additional factors. A detailed look at the instantaneous particle size composition reveals that not only the volumetric SPM concentration changes in time, but that their size distributions also vary considerably ( Figure 5 ) which explains the discrepancies in the above correlation. The tidal signal is reflected by the general increase in volumetric SPM concentration throughout the period. However, small-scale fluctuations are also visible. These are considered to relate to turbidity clouds which recur as distinct peaks in the size classes < 2F (i.e., particles larger than 250 mm).
[18] To illustrate and describe the observed patterns, four different time slices were selected ( Figure 6 ). Two observations were extracted from the initial time period when the overall concentration was low. They stand for typical distribution patterns which alternate over time, both featuring a bimodal spectrum with maxima around 25 and 330 mm. At the first time slice (t = 982 min), the higher peak is found at the smaller particle sizes around 25 mm, whereas at the second time slice (t = 983 min), the size peak at 330 mm is much more pronounced. At times of higher concentration, particle sizes are generally coarser, but two characteristic distributions are also apparent. These are multimodal with a peak at either 100 mm (for example, at t = 1050 min) or, similar to the distributions described previously, have a pronounced peak at about 350 mm (t = 1051 min). It should be noted that the observed size distributions do not show a rising tail at large particle size classes. They can thus be assumed to capture the entire range of particle sizes present.
[19] The time intervals showing distinct peaks in larger particle sizes coincide with the time intervals of the turbidity events (Figure 3 ). Former studies on suspended sediment dynamics, bed sediments, and the local hydrodynamic environment in the area have shown that particles < 8 mm [Chang et al., 2005] and around 15 mm [Mikkelsen and Pejrup, 1998 ] are particularly prone to generate mean aggregate sizes of up to 350 mm in local tidal settings [Joerdel et al., 2005] . It is therefore assumed that the observed turbidity clouds mainly consist of accumulated aggregates having maximum sizes around 350 mm ( Figure 5 ).
[20] As can be seen in the transmissivity time series, the periods between turbidity clouds vary between 1 and 6 min ( Figure 3 ). Although continuous harmonics should not be expected, the wavelengths between turbidity clouds can be classified after correction for the nonsteady current velocity. Three periods of different characteristics can be distinguished (Figure 7 ). In the first period (t = 980-990 min), wavelengths between local peaks in transmissivity vary around 50 m, ranging from 30 to 70 m. In the second period (t = 995-1030 min), wavelengths vary around 60 m, or its double (120 m) and triple (180 m) value. In the third period (t = 1030 -1065 min), wavelengths vary between 75 and 265 m with a mean around 150 m. The integer multiples of wavelengths during these times suggest temporary periodicity.
[21] The question emerges, why these aggregates accumulate and group rather than distribute uniformly in the transporting current. As stated above, a physical relation with the hydrodynamic environment is assumed, as microscale molecular forces between particles or even their active locomotion can surely be excluded. From other fields of transport dynamics, particle clustering in oscillatory flow is a well-known phenomenon. Kamalu et al. [1988] , Longmire and Eaton [1992] , Tang et al. [1992] , and Yang et al. [2000] have shown that under certain hydrodynamic conditions, particles tend to group because of inertia effects.
[22] The hydrodynamic environment is described by the current velocity as measured by the ADCP. To illustrate this, the time series of velocity magnitude measured at the same level as the LISST sensor was extracted. As pointed out above, the mean ebb current velocity was rising throughout the measuring period. For the three periods defined above, the mean velocity U a accelerates from 0.63 to 0.73 m/s in the 15-min first period, from 0.74 to 0.78 m/s in the 30 min of the second, and from 0.78 to 0.85 m/s in the third period which has a 35-min duration. Distinct velocity oscillations are seen in the 10-point averaging series. U b amplitudes range from 0.1 to 0.2 m/s with frequencies of the order of 0.5 to 1 min À1 (w = 0.2 to 0.1 rad/s). These velocity oscillations appear throughout the whole measuring period.
[23] Although the measured velocity fluctuations are of similar frequency/wavelengths as the observed turbidity events, and it can be shown also that at times of turbidity events, distinct signals occur as negative or positive deflections, no direct visual correlation with the hydrodynamic environment was found (Figure 8 ). This called for further investigation of the interaction between oscillatory forcing and individual particle motion. Thus the mathematical model introduced above was applied to a set of input parameters related to the measured conditions.
[24] The application of the numerical model is based on the assumption that the relevant characteristics of the natural three-dimensional system can be captured by such a relatively simple one-dimensional model. The model has the capability of distinguishing between three different modes of behavior within the grouping spectrum and, in that sense, is sufficient for a qualitative prediction of the main behavioral features relevant to the present study.
[25] Values for U a , U b , and w were directly obtained from the measured data. In order to run the model, also the wave number parameter k is required. Since wavelengths could not be measured directly, k was calculated from U w = w/k. Katoshevski et al. [2005] found that in stable grouping, the group travels at the velocity U w . This velocity component was extracted from the corresponding ADCP signal at the occurrence time of the turbidity cloud. The particle density r p has been set to 1.03 g/cm 3 [Ani et al., 1991] constant in time, as the aggregate dimensions do not change much.
[26] The basic grouping criterion jbj < 1, as given in equation (7), depends on the absolute value of the difference between the group velocity and that of the mean flow velocity jU w À U a j, written here in their dimensional form. Hence in that respect, the particle group may either move faster or slower than the average velocity. The data analysis reveals that this velocity difference is around 20% of the mean flow velocity U a .
[27] The application of the mathematical model for parameters within the measured ranges shows that for all the acquired data, modes I and II are to be expected. This implies that either stable grouping and/or weak grouping environments prevail under the observed conditions. The situation is qualitatively addressed in Figure 9 . Here the dependency of the grouping mode on U b and w is shown schematically. Mode III will occur only at a very high frequency, i.e., several orders of magnitude higher than in our cases, or in cases where U b approaches zero so that the flow has a non-oscillatory behavior. For a specific frequency (constant w) in the range considered here, an increase in the magnitude of the velocity fluctuation U b results in a mode change from a weak grouping regime to a stable one.
[28] Two different environmental conditions were explored in greater detail. In the first period of observation, the turbidity signal hardly indicates grouping of particles. The Figure 10 . However, as shown in Figure 11 , a small variation in the forcing dynamics (U b = 0.15 m/s) leads to the prediction of a mode I situation. Here particles tend to form stable groups after 100 s.
[29] Similar results are predicted for the conditions of the third period. The flow conditions here were set to U a = 0.83 m/s, w = 0.13 rad/s, and jU a À U w j = 0.2U a . Two different results are presented which only differ in oscillation magnitude. Figure 12 shows a weak grouping case due to small velocity fluctuations U b = 0.1 m/s. Particles have a weak tendency to form stable groups, instead alternating between adjacent groups. As shown in Figure 13 , an increase of U b to 0.3 m/s results in a shift from one mode to the other, a stable mode I particle grouping being predicted. The mode change between the two states is clearly reflected by the value of jbj which changes from 1.66 to 0.55; that is, it crosses the unity-zone value in which the switch between the two modes occurs. In addition, the prediction of the time period between groups with respect to a specific location is achieved. This time period is of the order of a minute, which coincides with the measurements shown in Figure 8 .
[30] It should be noted that the above calculations were performed assuming a velocity difference of 20%, i.e., jU a À U w j = 0.2U a . This parameter has a major impact on the value of jbj and thus on the grouping characteristics. If the velocity difference is increased, then jbj increases correspondingly and the tendency for grouping decreases. However, a clear nongrouping mode III represents a rather unusual situation with respect to the ranges of particle size and oscillation frequency, having a low probability at most realistic conditions associated with surface water flow. It follows that, in realistic situations, grouping is likely to exist in oscillatory motion to some extent.
[31] The model predicts particle grouping for the whole measuring period. At first sight, this prediction seems at odds with the observations in the first measuring period where turbidity clouds were not recognized because the overall SPM concentration was low. However, in situ particle size analysis did reveal some grouping of particles around 350 mm also in this period (Figures 3 and 5) .
Conclusions
[32] This study has focused on small-scale suspended sediment dynamics in a tidal channel in Jade Bay at the German North Sea coast. Highly resolving measurements from an anchored boat were conducted, focusing on optical transmissivity, in situ particle size distributions, and hydrodynamic conditions. Particularly at times of high overall SPM concentration, distinct concentration peaks are observed which temporarily reduce the optical transmissivity of the water. Such turbidity clouds are common features in tidal waters. However, to the knowledge of the authors, little is known about their formation and dynamics. At this location, in situ particle size analysis revealed that such patterns are formed mainly by aggregates about 350 mm in size. Similar temporal and spatial characteristics between turbidity clouds and hydrodynamic oscillations are observed, but no direct correlation could be determined. To further investigate the fluid-particle interaction mechanisms, a mathematical model for particle clustering was applied to the local conditions. The model simulates the grouping of particles in oscillatory flow and determines different grouping states. Although this simplified model cannot be expected to simulate the complex natural system, it is interesting to note that the described particle grouping simulations are in scale with the observed turbidity clouds. Results show that in the domain of investigation, weak to stable hydrodynamic grouping environments are present. Depending on the mean current velocity, the amplitude and frequency of velocity oscillations, and the velocity difference, either the formation of stable particle groups or weak grouping of particles is predicted. The magnitude of velocity oscillation U b has been identified as a significant parameter for the grouping of particles. It is shown that for the measuring period, the local characteristics are close to the threshold of stable and weakly stable grouping. Thus the temporal occurrence of turbidity clouds can be explained by the temporal exceedance of a critical oscillation amplitude. It is concluded that a grouping tendency is to be expected throughout the whole tidal phase because distinct small-scale velocity oscillations are present. The actual formation of detectable turbidity clouds, however, depends on the general availability of material and the existence of stable grouping conditions. 
